An exemplary rare case of neurogenic pulmonary edema induced by intracranial hemorrhage was reported including diagnostic and therapeutic implications as well as management recommendations. A 35-year old man who was treated first by a neurosurgical approach because of a subarachnoid hemorrhage (bore hole trepanation) and subsequently on a surgical intensive care unit because of severe postoperative hemodynamic, cardiocirculatory, and pulmonary disruptions. To monitor cardiopulmonary condition and treatment effects, a Swan-Ganz catheter was placed in the pulmonary artery, since after trepanation, a critical cardiopulmonary status developed during postoperative mechanical ventilation and catecholamine administration. This condition was indicated by neurogenic pulmonary edema detected by control chest X-ray film and high oxygen load in the inspiratory air required for sufficient arterial oxygenation. After use of high positive end-exspiratory pressure (PEEP) (initially directed against neurogenic lesion), adaptation of initial dobutamine doses, initiation of norepinephrine administration, and substitution of fluids, the patient's blood pressure finally rose sufficiently to sustain regular cerebral blood perfusion and achieve better arterial oxygenation. Thus, the patient's cardiopulmonary condition stabilized and temporary cardiac insufficiency could be overcome. Subsequently, it became possible to decrease PEEP according to requirements to prevent or limit cerebral edema and to diminish catecholamine doses.
Neurogenic pulmonary edema is a relatively rare but life-threatening event that, if misdiagnosed or misinterpreted, can be problematic for successful outcome. Its prompt diagnosis and appropriate treatment, which initially conflicts with therapeutic guidelines for the basic neurogenic disorder, are essential to maintain cardiopulmonary function and avoid fatal outcome.
We report based on the current references and crucial literature from the past the successful treatment of a patient with neurogenic edema induced by subarachnoid hemorrhage and with a combination of pathophysiologic conditions that were contradictory in their therapeutic requirements. Use of high positive end-exspiratory pressure (PEEP) and high oxygen concentration during artificial respiration resolved pulmonary problems indicated by possible decrease of oxygen load in the inspiratory air. The aim of this strategy is to break through the lack of oxygen load of the blood by improving pulmonary function as first-line treatment before focussing on the basic cerebral lesion.
CASE REPORT
A 35-year old man had been referred to our Department of Surgery from a regional hospital for initiation of neurosurgical treatment after diagnosis of subarachnoid hemorrhage. The emergency physician reported transient hypertension to 300 mm Hg of systolic blood pressure. Evaluation with cerebral computed tomography (CCT) demonstrated subarachnoid hemorrhage with suspicious bleeding out of a ruptured aneurysm. The hemorrhage was decompressed with bore hole trepanation in each hemisphere for drainage into the third and fourth ventricles and for continuous monitoring of intracranial pressure.
The patient was admitted to the surgical ICU, being anesthetized, mechanically ventilated, and receiving analgesic and narcotic medications. His medical history was significant for extensive body building, anabolic drug abuse, and hypertonus. He required 100% oxygen load in the inspiratory air (PaO 2 , 9.1 kPa), with no PEEP during mechanical ventilation. Systolic blood pressure was measured at 100 mm Hg, with a tendency to fall (central venous pressure, 7 cm H 2 0). A diagnostic chest film ( fig. 1a ) revealed diffuse pulmonary edema, which was interpreted as being induced by the pathophysiologic condition of the central nervous system. Electrocardiogram showed only strain of the right heart, while laboratory parameters such as the myocardial-specific isoenzyme creatinine kinase (12% of total creatinine kinase) and troponin T (0.89 ng/ml) were elevated abnormally on day 1. The patient was treated with increasing doses of dobutamine (Dobutamin Solvay ® 250, Solvay Arzneimittel, Hannover, Germany), to 18 µg/ kg/min, and diuretics, but this regimen had no elevating effect on blood pressure. Therefore, administration of norepinephrine (0.35 µg/kg/ min; Arterenol ® , Hoechst, Frankfurt/Main, Germany) was initiated and the dobutamine dose was reduced to 3.8 µg/kg/min, resulting in appropriate systolic blood pressure of 140 mm Hg. Thus, administration of nimodipine (Nimotop ® S, Bayer, Leverkusen, Germany) for prophylaxis against cerebral vasospasms be- For optimization of monitoring and treatment of cardiopulmonary function and circulation, a Swan-Ganz catheter (1) was inserted into the pulmonary artery, which detected cardiac output and pulmonary-circulatory wedge pressure (PCWP) within normal range; the pulmonary artery median pressure (PAMP, 23 mm Hg) and heart index (2, 3) were elevated (systemic vascular resistance [SVR], slightly decreased, but within normal range) (tab. 1). Catecholamine doses could be diminished continuously until the fourth day, with simultaneous substitution of fluids from day 2 on under permanent catheter-based monitoring of pressure within the pulmonary artery. Two days later, a chest film demonstrated a decrease in edematous irregularities of the pulmonary tissue ( fig. 1b) , which prompted us to decrease PEEP and, subsequently, to initiate a mechanical ventilation method more appropriate to the requirements of subarachnoid hemorrhage. In addition, it became possible to decrease stepwise the oxygen load of the inspiratory air down to about 40%. On day 6, tracheotomy was executed because of expected long-lasting need for mechanical ventilation.
Interval CCT control on day 5 indicated an infarction in the circulation of the right median cerebral artery and the initial stage of cerebral edema. Transcranial Doppler ultrasonography showed vascular spasm of the cerebral arteries, with more pronounced find- Early in the patient's course, we had started enteral nutrition via nasogastric tube, which was well tolerated. On day 14, an interventional radiologist, using a minimally invasive procedure with coils, successfully occluded an aneurysm of the vertebral artery ( fig. 2a,b) near the basilar artery. There were no further postinterventional complications or complaints from the patient. After appropriate stabilization, he was referred to a clinic for subsequent treatment and rehabilitation. Final physical examination revealed that the patient was increasingly compliant and cooperative. Responding to stimuli, he opened his eyes properly on command. No peripheral neurologic deficits were found.
DISCUSSION
Severe cardiopulmonary problems often accompany lesions of the central nervous system (CNS). In particular, neurogenic pulmonary edema can occur in patients with subarachnoid hemorrhage and those with brain injury (3, 4) . The pathogenesis has not been completely clarified, but according to published observa- tions and concepts, it appears to develop by the following pathophysiologic mechanisms: -increased permeability of pulmonary vessels due to release of neuropeptides, -pulmonary vasoconstriction due to excessive release of catecholamines in the case of cerebromedullary damage, and -temporary insufficiency of the left ventricle due to disseminated necrotic areas of the myocardium (5-18). The patient described in this case report had an extremely hypertensive phase after an interval of multiple hours, but still prior to the neurosurgical approach to relieve cerebral edema. Shortly after this trepanation, hypotension, high-grade pulmonary insufficiency, and signs of myocardial damage indicated by elevated levels of troponin T and creatinine kinase (> 10%) occurred. The albumin concentration of bronchial secretions was 35 g/L, confirm a non-cardiac origin of the pulmonary edema (5, 8, 18) . Myocardial damage, also typical of neurogenic pulmonary edema, is considered a consequence of excessive release of catecholamines with disseminated areas of cardiac necrosis (17, 19) . This myocardial damage does not necessarily lead to measurable cardiac insufficiency. In the presented case, dobutamine did not show any cardiocirculatory effect. The catheter inserted into the pulmonary artery 12 hours after neurosurgical intervention showed no signs of cardiac insufficiency but did indicate normal systemic resistance and high cardiac output with high doses of vasoconstricting medication. Based on these observations, it was concluded that the patient was in a hyperdynamic cardiocirculatory state indicative of the systemic inflammatory response syndrome (SIRS) or central dysregulation associated with peripheral vasodilatation. Under these circumstances, use of norepinephrine was more efficient than dobutamine (which is recommended in the literature) (19, 20) . Simultaneously, fluid volumes were balanced during the first days of hospital treatment and pulmonary edema disappeared within a few days, which was seen clinically and detected on chest film ( fig. 2b) .
Therefore, cardiocirculatory monitoring became imperative and, in our case, was achieved by placement of a catheter in the pulmonary artery (1); other invasive, minimally invasive, or non-invasive methods can also be used to provide adequate treatment with fluid volumes and defined doses of catecholamines for possible cardiac insufficiency or SIRS. Regulation of blood pressure is required for optimal cardiocirculatory and hemodynamic condition and becomes imperative in patients with neurogenic lesions and associated threatened or existing cerebral edema for sustaining appropriate cerebroarterial perfusion.
Usually, high values of PEEP are to be avoided in patients with high intracerebral pressure. But, in our case, PEEP of about 8 cm H 2 O was required to sustain adequate arterial oxygenation in general and, in particular, for the neurons. Permanent monitoring of intracerebral pressure never demonstrated unfavorable status and is therefore suitable in such critical phases of patient's course. Our diagnostic and therapeutic approach to the complex cerebrovascular, cardiopulmonary, and -circulatory problems, including neurogenic pulmonary edema, in the case described above provided sufficient stabilization of the patient's critical condition, which allowed subsequent planned intervention for exclusion of the aneurysm.
CONCLUSION
Neurogenic pulmonary edema is considered a life-threatening complication in patients with severe craniocerebral lesions (2, 21-24) and neurological processes (25) . Only by providing optimal cardiopulmonary monitoring and differentiated administration of catecholamines and substitution of fluids can the patient be spared from further unfavorable consequences or even fatal outcome. Although cardiac insufficiency may occur initially due to disseminated myocardial damage, later in the clinical course there is vasodilatation, which requires administration of vasoconstricting drugs such as norepinephrine and substitution of fluids. In cases of severe disturbance of pulmonary gas exchange, use of pressure-controlled ventilation with high values of PEEP according to specific requirements is imperative.
